INTRODUCTION
Clostridium difficile (C. difficile) is a gram-positive anaerobic sporogenic bacterium that causes gastrointestinal infections mostly in elderly or frail individuals and in patients treated with antibiotics (Bartlett, 2002 (Bartlett, , 2006 Ciaran, 2008) . Subsequent alterations in the intestinal microbiome provide favorable conditions for C. difficile growth and infection, which cause about 20% of all antibiotic-associated diarrhea cases (Abt et al., 2016; Schwan et al., 2009) . Outbreaks of C. difficile infection (CDI) have increased progressively in Western countries, and fatalities sum to 29,000 deaths per year in the United States alone (Lessa et al., 2015) . Extensive reviews of CDIs point to their growing impact on public health and the need for alternative therapies (Aktories et al., 2017; Gerding et al., 2014) . CDI pathogenesis has been mostly attributed to two related toxins secreted by C. difficile: toxin A (TcdA) and toxin B (TcdB) (Bartlett, 2002; Just and Gerhard, 2004; Kelly and LaMont, 2008; Voth and Ballard, 2005) . Both toxins glucosylate and irreversibly inactivate small GTPases of the Rho/Rac/Cdc42 family, leading to disruptions in F-actin networks, subsequent epithelial damage, and increased barrier permeability due to loss of tight junction integrity Just et al., 1995a Just et al., , 1995b Papatheodorou et al., 2018) . In addition, 35% of C. difficile isolates express a third toxin, C. difficile transferase (CDT), known to confer hyper-virulence during infection (Geric et al., 2004; Goncalves et al., 2004; Stubbs et al., 2000) , and belonging to a conserved family of binary effectors from various enteric pathogens such as C. botulinum (C2 toxin), C. perfringens (BEC), and B. cereus (VIP) (Stiles et al., 2014) . The binary CDT toxin consists of an enzymatic unit, CDTa, which covalently modifies actin monomers, and a transport unit, CDTb, which binds CDTa and allows its entry into target cells via the lipolysis-stimulated lipoprotein receptor (LSR) (Barth et al., 2004; Papatheodorou et al., 2011; Popoff et al., 1988) . Once in the cytosol, CDTa blocks actin polymerization via ADP-ribosylation of G-actin at Arginine 177 (Aktories et al., 1986; Vandekerckhove et al., 1987) . As a consequence, F-actin elongation is inhibited, resulting in further depolymerization of actin filaments (Aktories and Wegner, 1992; Wegner and Aktories, 1988) . Recent studies in cultured human enterocytes (CACO-2) have shown that CDT induces the formation of long microtubule-based protrusions, which promote bacterial adherence to host cells (Schwan et al., 2009 ). This process, mediated by calcium (Ca 2+ ) signaling and the Ca 2+ -sensor Stim1, involves the rerouting of vesicles loaded with fibronectin to the apical plasma membrane (Schwan et al., 2014) . The small GTPase Rab11 involved in endocytic recycling may play a role in this process, as these Fibronectin-rich vesicles also co-localize with Rab11. Thus, despite its deceptively simple mode of action, CDT acts in a threshold-dependent fashion to deregulate particular signaling pathways thereby eliciting specific cellular responses that exacerbate its general effect of disrupting F-actin networks . To parse these complex interactions in the context of a live organism, we made use of the powerful genetic model Drosophila melanogaster, a widely successful tool for dissecting pathogenic mechanisms and strategies underlying host defense (Bier and Guichard, 2012; Buchon et al., 2013; Capo et al., 2019) . For example, previous studies employed transgenic flies to express bacterial effectors such as Pseudomonas ExoS (Avet-Rochex et al., 2007) , Helicobacter VacA (Botham et al., 2008) , anthrax toxins (EF and LF) (Guichard et al., 2010; Guichard et al., 2017) , or Cholera toxin (Ctx) (Blow et al., 2005) (Guichard et al., 2013) to uncover novel aspects of the host cellular response.
In this report, we establish a Drosophila system for the in vivo study of CDTa. We show that expression of CDTa in the gut reduces pupal and adult body size and weight, as well as viability and longevity. We observe that CDTa severely disrupts the F-actin network in several tissues with a consequent loss of epithelial junction integrity. We further demonstrate that the defects caused by CDTa expression can be partially rescued through inhibition of Rab11. Consistent with the known involvement of Ca 2+ signaling in the cellular response to CDT, two Ca 2+ sensors, Stim and Calmodulin (Cam), block the effects of CDTa during fly development. In parallel, Cyclosporin A and FK506, compounds that inhibit Calmodulin signaling via direct interaction with Cyclophilin and FKBP12, respectively, suppress CDTa wing phenotypes. In aggregate, findings in this study delineate a functional connection between CDTa and Calmodulin, opening the way to therapeutic approaches based on chemical modulation of the Calmodulin/Calcineurin pathway for treatment of infection by hypervirulent C. difficile.
RESULTS

CDTa Expression Reduces Body Size, Weight, Survival, and Longevity
Drosophila melanogaster has been employed successfully as a genetic model system to decipher functional aspects of various bacterial toxins in the context of a whole organism (Botham et al., 2008; Avet-Rochex et al., 2007; Bier and Guichard, 2012; Buchon et al., 2013; Capo et al., 2019; Luo et al., 2019) . In this study we focus our analysis on the CDT toxin, which is secreted by hypervirulent strains of C. difficile. Paralleling strategies employed in previous studies, we created UAS-CDTa transgenic lines in which expression of the catalytic subunit CDTa can be induced in the presence of the GAL4 trans-activator (Brand and Perrimon, 1993) . CDTa was expressed in various tissues by crossing flies from these lines to individuals expressing GAL4 with various temporal and tissue specificities. When expressed in the relevant midgut (using NP1-GAL4) or hindgut (using hindgut-GAL4) tissues during development, CDTa led to a significant reduction in body size at pupal and adult stages (Figures 1A and 1B) . This phenotype was accompanied by a 25% and 35% reduction in body weight in male and female adult flies, respectively ( Figure 1C ). Approximately 20% of emerging adults carried the UAS-CDTa transgene ( Figure 1D ), deviating substantially from the expected 50% rate of Mendelian inheritance, indicating a severe fitness cost during pre-adult stages.
We assessed whether CDTa expression compromises lifespan by conducting a comparative survival assay. In this experiment, CDTa expression was temporally delayed until adulthood using the temperature-sensitive tubGAL80ts inhibitor, which blocks GAL4 function at temperatures below 25 C (McGuire et al., 2004) . Control flies (NP1GAL4 tubGAL80ts/+) and flies conditionally expressing CDTa (NP1GAL4 tubGAL80ts > CDTa) were raised at room temperature (RT) and transferred to 29 C a week after hatching to induce adult CDTa expression. Survival over time was monitored daily, revealing a significant CDTa-dependent reduction in fly longevity ( Figure 1E ). Flies expressing CDTa survived only to 5-17 days, whereas all control flies not expressing the toxin lived well beyond the final time point sampled of 23 days ( Figure 1E ).
In summary, CDTa expression drastically reduces fly body size and weight, compromising early viability and adult longevity. This cluster of phenotypes suggests that CDTa impairs essential functions in intestinal cells.
CDTa Expression Diminishes Fecal Output and Causes Crop Enlargement
C. difficile infection (CDI) in human patients causes severe gastrointestinal infections, inflammatory diarrhea, intestinal blockage, and perforation (Bartlett, 2002 (Bartlett, , 2006 Ciaran, 2008) . We investigated the final outcome of CDTa expression in the fly adult digestive system by measuring the effect of CDTa on fecal matter production. Flies were grown at RT and, a week after hatching, transferred to 31 C to induce CDTa expression. Animals were fed a sucrose solution supplemented with green dye to help visualize the gut, and fecal output was collected on transparent film, which was then scanned and quantified using the Im-ageJ software (Schindelin et al., 2012) . When compared with control flies, which produced ample fecal matter, CDTa-expressing flies exhibited markedly reduced defecation (Figure 2A , see lower graph for quantifications). These flies also displayed enlarged and dilated crops (a food storage organ connected to the digestive system in insects) filled with sucrose solution, whereas crops in control flies were smaller and more compact (see green arrows in upper and lower panels of Figure 2B ). In addition, CDTa-expressing flies exhibited colored liquid droplets concentrated in their mouthparts, which may reflect compensatory feeding or regurgitation (see black arrows in upper panels). Thus, CDTa expression in the adult fly gut causes retention of feces, possibly resulting from an impairment in intestinal transit.
CDTa Expression Impacts F-actin Network and Tissue Thickness in Wing Imaginal Discs and the Brush Border in Gut Epithelium
Previous studies have demonstrated that CDTa causes F-actin depolymerization in mammalian systems (Aktories, 1994; Aktories and Wegner, 1992; Schwan et al., 2009; Wegner and Aktories, 1988) . To assess whether CDTa has a similar activity in fly tissues, we monitored its effects upon expression in wing imaginal discs ( Figures 3A-3C ), salivary glands ( Figure S1 ), and gut epithelium ( Figures 3D and 3E ). Ubiquitous CDTa expression in the developing wing disc using the MS1096-GAL4 driver led to the formation of a small blackened appendage in adulthood ( Figure 3A (E) Comparative survival curves between tubGAL80ts NP1/+ (control) and tubGAL80ts NP1>CDTa (>CDTa) male flies at 29 C (the permissive temperature that allows CDTa expression in tubGAL80ts NP1>CDTa flies) (log rank [Mantel-Cox] test = p < 0.0001). Three vials of each genotype containing 15 flies each were monitored daily for surviving flies. Surviving flies were transferred to clean vials every 3 days. In (A, C, and D) Data are represented as mean G SD. p-values were obtained from unpaired T-tests.
iScience 23, 100865, February 21, 2020 panel). When CDTa expression was limited to the wing-margin with the VgG4 driver, a notched margin phenotype was observed ( Figure 3A , bottom panel). These highly penetrant phenotypes indicate that CDTa interferes with normal wing morphogenesis. We asked whether the observed wing phenotypes derived from a disruption in the actin cytoskeleton during wing development by using fluorescently labeled Phalloidin to stain for F-actin in dissected tissues. Expression of CDTa disrupted the overall integrity of the wing imaginal disc from third-instar larvae, as cells appeared less dense and organized than in control discs (compare top panels in Figure 3B ). Overall fluorescence levels were lower in CDTa-expressing discs, indicating a loss in total F-actin. In parallel, wing disc thickness was reduced by 40% compared with controls (lower panels in Figures 3B, see 3C for quantification). Similarly, expression of CDTa in a second larval tissue (salivary glands) greatly reduced F-actin levels, as detected by Phalloidin staining ( Figure S1A ).
Because C. difficile primarily infects the gastrointestinal tract, we focused further analyses on the effect of CDTa expression in the relevant midgut tissue. In wild-type flies, Phalloidin staining of F-actin delineated a well-organized array of cells in both sub-apical and luminal sections of epithelial cells from the anterior midgut (left four panels in Figure 3D ). The brush border consisting of F-actin-rich microvilli appeared as a regular polygonal array in sub-apical focal planes and as a thick sinuous line in luminal views. This epithelial actin signal was enclosed by a narrow sheath of bright staining of the muscle layer that surrounds the gut. In contrast, CDTa-expressing guts appeared disorganized with lower F-actin levels and thinner-if any-brush border staining (note that as an internal control, muscle staining was unaltered). Intestinal phenotypes ranged from mildly disorganized epithelial cells (middle four panels in Figure 3D In summary, CDTa expression in wing imaginal discs, salivary glands, and midguts severely impacts the F-actin network, reducing total F-actin levels and epithelial thickness and eliminating most of the brush Figure 2 . CDTa Expression in the Midgut Reduces Life Span and Fecal Output and Causes Crop Enlargement (A) Comparative fecal output of 1-week-old tubGAL80ts NP1/+ (control) and CDTa-expressing NP1 tubGAL80ts > CDTa (>CDTa) males, after 1 day exposure to 31 C (to induce CDTa expression in tubGAL80ts NP1>CDTa flies) followed by 3 days of feeding on apple juice-soaked potato flakes supplemented with edible green dye (Mc Cormick, Baltimore, MD) at 31 C. Three vials of each genotype containing 15 flies each were monitored for fecal output deposited on transparent film lining the experimental vials. The film was subsequently scanned and quantified with ImageJ and analyzed using Prism8 (p < 0.0001). (B) Crop size comparison between tubGAL80ts NP1/+ flies (control) and tubGAL80ts NP1>CDTa adult flies (>CDTa) after being fed green apple juice-soaked potato flakes at 31 C for 2-3 days. Photographs of whole flies with abundant green dye visible through the cuticle (upper panels, green arrows) and of dissected guts (lower panels). The green arrows point to the crop, which is enlarged and filled with green fluid in CDTa-expressing animals. Note the proboscis stained with green dye in CDTa-expressing flies, but not in control flies, black arrows.
border in intestinal cells. The observed loss of microvilli most likely results in the inability to absorb nutrients, which presumably also reduces active bowel transit.
CDTa Alters the Distribution of Rab11 and Key Junctional Proteins
Intercellular junctions are connected to, and depend on, the F-actin network for proper formation and maintenance (Yonemura, 2017) . Given the profound disruption of the actin network in cells expressing CDTa, we assessed the effect of this toxin on the distribution and levels of junctional proteins. Adherens junctions are a critical part of the structural framework that maintains tissue integrity, by providing lines of cell-to-cell attachment (Yonemura, 2017) . They are composed of trans-membrane Cadherins, which form homodimers with cognate Cadherins expressed by neighboring cells. They also bind to intracellular alpha-Catenins, which serve as a link to actin filaments (Yonemura, 2017; Mè ge and Ishiyama, 2017) . We compared alpha-Catenin distribution in control versus CDTa-expressing guts ( Figure 4A ). The vast majority of cell junctions in CDTa-expressing enterocytes displayed reduced levels of alpha-Catenin ( Figure 4A , thick arrows). Intestinal stem cells, in which the NP1 GAL4 driver is not expressed, retained normal levels of junctional alpha-Catenin, providing an internal control for these experiments (thin arrows in Figure 4A ). Rab11, a small GTPase essential for trafficking components to cell junctions, was present throughout the cytoplasm of control intestinal cells and displayed moderate enrichment at the apical plasma membrane ( Figure 4B , upper panels). In contrast, Rab11 staining was almost entirely restricted to the apical membrane of CDTa-expressing enterocytes with much lower levels present in the cytoplasm ( Figure 4B , lower panels, arrows). These observations are consistent with a previous report that CDTa indirectly deregulates Rab11-dependent trafficking (Schwan et al., 2014) . This alteration in Rab11 distribution to sites of active transport, which presumably correlates with hyperactivity, contributes to the overall CDTa phenotype since co-expression of CDTa with a dominant negative form of Rab11 (Rab11 DN ) in the midgut rescued the abnormal brush border caused by CDTa alone ( Figure 4D ). Similarly, in the developing wing, co-expression of CDTa with Rab11 DN suppressed the CDTa phenotype, as did a heterozygous loss-of-function mutation of Rab11 ( Figure 4E ). We also tested the involvement of Crag (DENND4), the single known Guanine Exchange Factor (GEF) specifically activating Rab11, which was initially discovered as a Calmodulin-binding protein (Xiong et al., 2012) . When co-expressed with CDTa, Crag RNAi profoundly rescued the CDTa wing phenotype ( Figure 4E ). Taken together, these data further support the conserved involvement of Rab11 in accentuating the cellular effect of CDTa.
In CACO-2 cells, CDT induces the formation of microtubule-based membrane protrusions, thus increasing bacterial adherence to host cells (Schwan et al., 2009) . To assess whether apical protrusions could be also observed in Drosophila intestinal cells, we used these author's protocol to fix CDTa-expressing fly midguts and stained microtubules with an anti-Tubulin antibody (Schwan et al., 2009 ). Although we were unable to detect any microtubule protrusions extending from CDTa-expressing enterocytes ( Figure 4C , lower panel), or in control tissues ( Figure 4C, upper panel) , we observed that microtubules in control cells had a clear perinuclear radial distribution ( Figure 4C, upper panel) , which was less evident in CDTa-expressing enterocytes ( Figure 4C, lower panel) . A likely consequence of this broad disruption of the cytoskeleton is a loss of epithelial folds observed in CDTa-expressing intestinal tissues ( Figures 4B and 4C ).
We also examined intercellular junctions in salivary glands, which comprise giant polyploid cells and provide a sensitive system for visualizing junctional components. As described above, CDTa expression in salivary glands caused a severe reduction in F-actin levels ( Figure S1A ). Mirroring results from intestinal cells, junctional levels of Drosophila epithelial Cadherin (DE-cad) were also reduced by CDTa ( Figure S1B ). Furthermore, Cadherin staining appeared as a spotty signal around lines of cell-cell contact in CDTa-expressing glands, unlike the straight lines of strong contiguous staining typical of control cell junctions (compare panels in Figure S1B ). These observations suggest that intercellular junctions were weakened in response to CDTa expression, likely as a direct consequence of F-actin network collapse, which may also be exacerbated by defects in junctional trafficking. Cumulatively, these results reveal that most of the known effects of CDT activity in mammalian cells are recapitulated in Drosophila at the molecular, cellular, organ, and organismal levels.
Anthrax Toxin EF Partially Rescues CDTa-Induced Phenotypes
We previously reported that the anthrax toxin Edema Factor (EF), a potent Adenylate Cyclase, inhibits Rab11 activity, leading to junctional defects (Guichard et al., 2017) . We therefore wondered whether EF might also block the effects of CDTa. Alone, EF expression causes wing phenotypes consisting of blistered wings with thickened veins and notched margins ( Figure S2A , and Guichard et al., 2017; Guichard et al., 2006) . Consistent with its inhibitory activity on Rab11, EF partially suppressed the CDTa wing phenotype, leading to an enlarged and partially restored wing blade ( Figure S2A, quantified in S2B) . Similarly, EF coexpression completely rescued the CDTa-induced salivary gland F-actin phenotype (Figures S2C and S2D) and partially rescued the loss of brush border in the midgut (Figures S2E and S2F ). Finally, EF partially rescued other CDTa phenotypes, such as low body weight by 25% ( Figure S3A ), and improved viability to adulthood by 125% ( Figure S3B ).
In summary, CDTa-induced phenotypes are rescued by EF expression either partially in wings and midgut tissues, or almost totally in salivary glands, suggesting that EF acts antagonistically to CDTa.
Calmodulin Contributes to CDTa Activity
The calcium (Ca 2+ ) sensor STIM1 (Roos et al., 2005) , which resides at the surface of the endoplasmic reticulum (ER), has been shown to play an important role in mediating the activity of CDT in mammalian cells, particularly in the formation of membrane protrusions in CACO-2 cells (Schwan et al., 2014) . We tested whether Drosophila Stim was also involved in CDTa phenotypes in the wing. We used two RNAi transgenic insertions to reduce Stim expression and co-expressed each of them with CDTa in developing wings. Both Stim RNAi insertions potently suppressed the CDTa-induced phenotypes, indicating that CDT dependence on the STIM pathway is conserved in Drosophila (Figures 5A and 5B ).
Since CDT has been shown to trigger Ca 2+ influx in mammalian cells (Schwan et al., 2014) , we also tested whether Drosophila Calmodulin (Cam), an ubiquitous cytoplasmic Ca 2+ sensor, may interact with CDTa activity. As shown in Figure 5A and quantified in Figure 5B , reduction of Cam levels either by expressing a Cam RNAi transgene or by a 50% reduction in Cam gene dosage (Cam +/-), suppressed the CDTa wing phenotype. In contrast, co-expression of CDTa with wild-type Cam (Cam WT ) did not alter the effect of the toxin. In control experiments, expression of Cam WT and Cam RNAi alone in the wing did not produce any phenotype, nor did the heterozygous Cam +/mutant ( Figure S5 ). Reducing Cam expression by RNAi also rescued the anthrax EF-induced wing phenotype (Figure S4 ), consistent with EF binding CaM as a required co-factor (Leppla, 1982 (Leppla, , 1984 . Paralleling observations in the wing, co-expressing Cam RNAi with CDTa in the gut partially rescued the toxin's effect ( Figures 5C and 5D ), whereas expression of Cam RNAi alone had no discernable effect on the F-actin brush border ( Figure 5C ). Thus, we conclude that reduction of Cam levels results in suppression of CDTa phenotypes in both gut and wing tissues.
We further explored the involvement of Calmodulin in CDTa activity pharmacologically by using two chemical compounds, Cyclosporin A and FK506, which are known to act as downstream suppressors of Calmodulin via direct interaction with distinct targets, Cyclophilin and FKBP12, respectively (Handschumacher et al., 1984; Liu et al., 1991) . As shown in Figures 5A and 5B , CDTa-expressing fliesgrown in the presence of Cyclosporin A (CsA), FK506, or co-expressing Cyclophilin RNAi, showed clear attenuation of CDTa-induced wing phenotypes. These findings point to the Ca 2+ -induced Cam pathway as an important downstream mediator of CDTa activity, consistent with CDT causing Ca 2+ influx in intoxicated CACO-2 cells (Schwan et al., 2014) . In summary, these results support the hypothesis that CDTa activity is tightly linked to the cellular Ca 2+ response.
DISCUSSION
Results in this study examine the effects of expressing the C. difficile toxin CDTa in Drosophila. CDTainduced phenotypes suggest a strong impairment in digestive functions. For example, CDTa expression in the gut reduces fly body size and weight, compromises viability during development, as well as lowers adult longevity. As expected, considering its mechanism of action in mammalian cells, CDTa significantly reduces F-actin levels in wing imaginal discs, salivary glands, or gut tissues and disrupts F-actin networks and trafficking of key junctional proteins, resulting in a loss of epithelial tissue integrity. In the gut, CDTa expression eliminates most of the actin-rich brush border, which is accompanied by greatly reduced intestinal transit (e.g., crop enlargement and feces retention). Cumulatively, these observations are consistent with CDTa disrupting epithelial integrity and impairing digestive functions. Figure S5 for additional controls. (C) One-week-old males of the following genotypes: tubGAL80ts NP1/+ (control), tubGAL80ts NP1>CDTa (>CDTa), tubGAL80ts NP1>CDTa + Calmodulin RNAi transgene (>CDTa + Cam RNAi ), and tubGAL80ts NP1>Cam RNAi (Cam RNAi ) were grown at RT, exposed to 31 C for 1 day, and dissected. Guts were stained with Phalloidin for F-actin and imaged by confocal microscopy. Blocking Calmodulin expression partially rescues CDTa effects on F-actin network. Scale bar represents 10 mm. (D) Gut villi thickness was quantified using Photoshop (F = 49.05, df = 2, p < 0.0001). In (B and D) Data are represented as mean G SD. p-values were obtained from one-way ANOVA tests. See Figure S5 .
A significant advantage of Drosophila as a model system is the ability to examine genetic interactions with specifically impacted molecular pathways that contribute to the cumulative cellular responses to CDTa. This type of analysis revealed that several effectors were important for mediating the endpoint effects of CDTa, acting downstream of F-actin depolymerization. For example, some of the effects of CDTa require the activity of Rab11, as revealed by suppression of the CDTa wing phenotype either by co-expressing a dominant negative form or a loss-of-function mutation of Rab11, or the anthrax EF toxin, which -like several other virulence factors-has been shown to potently inhibit the Rab11-dependent endocytic recycling pathway (Guichard et al., 2014) . Interestingly, previous reports indicate that Rab11 is important for the formation of microvilli, bringing the necessary membrane material surrounding F-actin shafts (Knowles et al., 2015) . Thus, the action of CDTa initiated by ADP-ribosylation of actin monomers, impinges on several downstream cellular pathways, which in combination could result in elimination or great reduction of the intestinal brush border. These experiments also revealed that intracellular Ca 2+ signaling plays an important role in mediating the effects of CDTa. Thus, reducing Drosophila Stim or Cam levels suppressed the CDTa wing phenotype, and two drugs acting downstream of Calmodulin (CaM) in the mammalian Ca 2+ signaling pathway blocked the effect of CDTa during wing development.
In humans, CDIs are the main cause of inflammatory diarrhea after antibiotic treatment, and previous studies in mammalian systems showed that C. difficile toxins induce depolymerization of F-actin, leading to deterioration of intestinal microvilli (Abt et al., 2016; Aktories et al., 2018; Just et al., 1995a Just et al., , 1995b Just et al., , 1995c Papatheodorou et al., 2018) . Possible complications of CDI are pseudomembranous colitis (PMC), toxic megacolon, perforation of the colon, and sepsis (Martin et al., 2016) . PMC is characterized by swelling of the colon with accumulation of inflammatory immune and necrotic cells and formation of Fibrin-rich pseudo-membranes. As summarized above, our results indicate that Drosophila recapitulates most known aspects of CDT activity at the molecular, cellular, and tissue levels, with similar loss of F-actin network, loss of epithelial folds, and microvilli deterioration phenotypes. Furthermore, our observation that CDTa causes feces retention and crop enlargement in flies is reminiscent of PMC consistent with suggestions that CDT contributes to intestinal obstruction in patients with CDI (Dingle et al., 2011; Rupnik et al., 2009) . Current knowledge of the molecular mode of action of CDT derives from studies carried out in cultured mammalian cells. In these systems, in addition to actin depolymerization, CDT triggers the formation of protrusions containing microtubules and ER membranes, connected to each other via the calcium sensor STIM1 (Schwan et al., 2014) . In addition, CDT causes re-routing of fibronectin-rich vesicles from the basal to the apical side of intestinal epithelial cells in a Rab11-dependent manner, a process guided by Septin polymerization (Nolke et al., 2016) , thus enhancing bacterial adherence (Schwan et al., 2014) . Although we did not observe any microtubule-rich protrusions in Drosophila intestinal cells, our data are consistent with a conservation of the overall cellular response to CDT: in addition to primary disruption of the F-actin network, we observed microtubule redistribution, increased Rab11 localization to the apical side of enterocytes, and weakening of adherens junctions, a likely consequence of both Rab11 dysregulation and Factin network impairment.
Because CDT elicits Ca 2+ influx in CACO-2 cells (Schwan et al., 2014) , we also evaluated the role of the general Ca 2+ sensor Cam on the effect of CDTa in our fly system. Reduction in Drosophila Cam levels by RNAi or in a Cam À/+ mutant background rescues the CDTa phenotypes in gut tissues and wings, indicating a previously unappreciated dependence of CDTa activity on the Ca 2+ /Cam pathway (see model presented in graphical abstract). Blocking expression of another Ca 2+ sensor, Stim, also counters the effect of CDTa in wings, which is consistent with the known role of mammalian STIM1 in mediating formation of CDTinduced protrusions (Schwan et al., 2014) . These latter observations further demonstrate a conservation of the molecular pathways affected by CDT between mammalian systems and flies and validate the use of Drosophila as an in vivo model for CDTa activity. Interestingly, we found that inhibiting expression of Crag also suppressed CDTa phenotypes in wings. Since Crag is a conserved Calmodulin-binding protein, also acting as a Rab11 GEF (Xiong et al., 2012) , it is likely to provide a pivotal link between Cam and Ra-b11activities in response to CDTa. Experiments conducted in yeast also revealed that Calcineurin and Ypt3, the yeast homolog of Rab11, are functionally interconnected (Cheng et al., 2002) . Although this link has not been mechanistically fully characterized, it may be relevant to the understanding of CDT activity. In our study, two immuno-suppressants known to inhibit Calcineurin, CsA and FK506, which act downstream of CaM, reverted the effect of CDTa in the fly wing, further implicating the Drosophila Cam/Calcineurin pathway in the cellular response to CDTa (see model in graphical abstract). Interestingly, the FK506 compound has also been shown to block cellular entry of several clostridial toxins, including CDT, all of which are ADP-ribosyl transferases (Kaiser et al., 2011 (Kaiser et al., , 2012 . However, our results cannot be explained by an inhibition of CDTa entry, since we expressed the toxin directly within cells, bypassing the requirement for membrane translocation. Thus, FK506 and CsA block the cellular response downstream of CDTa. Further experiments will be required to assess whether blocking the CaM/Calcineurin pathway with these or related compounds may also have a similar effect in mammalian cells, in addition to their known effects in blocking translocation of CDT across the cell membrane.
Although C. difficile is not a known natural fly pathogen, our studies have uncovered striking similarities between the CDT-induced phenotypes in the fly and patho-physiologies associated with CDI in human and mammalian systems. The possibility of studying the effects of C. difficile as an infectious pathogen by feeding or injection into flies has not yet been explored. Such studies would be of interest to further characterize the effect of C. difficile toxins in an infectious context rather than by simply expressing them in various tissues. Analyzing the effect of CDT in combination with the two other C. difficile toxins TcdA and TcdB and assessing whether they act in cooperation to affect Rab11 and Cam would also be interesting to assess potential combinatorial treatments for CDIs.
In conclusion, we describe a transgenic Drosophila model that provides a flexible and sensitive system for deciphering the mechanistic pathways that channel the host cellular response to CDT intoxication, operating downstream of G-actin ADP-ribosylation. The ability of inhibitors of the CaM/Calcineurin pathway to block the effect of CDTa in the fly, if replicated in mammalian models, could open the way to potential new therapeutic treatments to alleviate some of the CDI symptoms. Such treatments, however, if proven beneficial, would need to be carefully administered to prevent the toxin's effects while maintaining the necessary immune functions to fight the bacterial infection.
LIMITATIONS OF THE STUDY
Results presented in this report were obtained from experiments performed with transgenic fruit flies expressing the catalytic subunit CDTa in various tissues. Even though Drosophila is a well-established genetic model system allowing precise dissection of conserved signaling pathways triggered by CDTa, it is not a mammalian organism. Also, the phenotypes observed are induced by CDTa expression alone, and not part of an infectious process. Therefore, our findings should be validated in mammalian systems such as human cells or mammalian model systems exposed to CDT or infected with C. difficile.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
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UAS-CDTa plasmid construction.
A PCR amplified cDNA fragment from C. difficile chromosomal DNA (strain R20291) encoding the enzymatically active CDTa moiety was inserted into the pUASt vector between the EcoR1 and Xba1 sites of the polylinker (details available upon request).
The UAS-CDTa transgene was stably transformed into the Drosophila genome by
BestGene. Two lines carrying an insertion on the second or the third chromosome were isolated.
Drosophila genetics.
Flies carrying the UAS-CDTa construct (CDTa) were crossed to various GAL4 driver stocks to drive toxin expression in specific tissues. In some experiments, timing of GAL4 activity was limited by a temperature sensitive form of GAL80 (tubulin-GAL80ts), which inhibits GAL4 function below 25°C. UAS-EF was described previously (Guichard et al., 2010) . Other lines used in this study: wingGal4 (MS1096-GAL4), NP1-GAL4, Hindgut- and UAS-Rab11 DNYFP (#23261).
Survival assays.
In survival assays, expression of GAL4 activity was held by a temperature sensitive form of GAL80, which inhibits GAL4 function below 25°C. TubGAL80ts NP1/+ (control) and tubGAL80ts NP1>CDTa (>CDTa) males were grown at RT and transferred to 29 o C a week after hatching. Fly survival was monitored daily. Surviving flies were transferred to clean vials dusted with ground potato flakes every three days.
Immunological stains of wing imaginal discs, salivary glands and guts.
Wing imaginal discs and salivary glands were dissected, fixed in 1X PBS with 4% formaldehyde for 30 minutes, stained with either fluorescent Phalloidin or primary antibodies at 4 o C overnight; when using primary antibodies, fluorescent secondary antibodies were incubated at RT for two hours. Tissues were left attached to carcasses until ready to mount in SlowFade (LifeTechnologies, Carlsbad, CA, #S36936) as previously described (Guichard et al.) . Double sided tape was used as a spacer to prevent tissue squashing.
Guts were dissected, fixed in 1X PBS with 4% formaldehyde for 40 minutes, stained with fluorescent Phalloidin or primary antibodies overnight; when using primary antibodies, fluorescent secondary antibodies were incubated at RT for two hours. Guts were mounted in SlowFade using double sided tape as spacer. The anterior section of the midgut, located right before the middle midgut was selected for imaging. Images were collected by confocal microscopy on a Leica TCS SP5 (Leica, Wetzlar, Germany).
Images were acquired using a 63X objective, and higher magnifications were obtained using a 4X digital zoom. Antibodies and dilutions used were as follows: mouse Rab11
( 
Data Presentation and Statistics.
Numerical data is presented as mean +/-SD. All graphs were generated and statistics calculated using the Prism-GraphPad software (San Diego, CA). T-test statistical analyses were performed whenever two conditions were compared to each other. When more than two conditions are presented in one graph, we performed ANOVA analysis.
For survival assays we performed a log-rank (Mantel-Cox) test. All p values are provided in the figures. **** Indicates p<0.0001.
